The biosphere reserve is an explicitly spatial approach to ecosystem management. Based on the theory of island biogeography, a biosphere reserve consists of a core area of high ecological value protected by buffers of increasing land-use intensity that provide a gradual transition to surrounding, human-dominated landscapes. This paper addresses implementation of the biosphere reserve associated with the New Jersey Pinelands Comprehensive Management Plan (PCMP). We present results of a statistical analysis assessing claims that the plan has managed to direct growth and land-cover change in a manner consistent with environmental objectives. We show that it has had a strong effect in reducing conversion of natural areas in the Pinelands reserve, and that the effect observed is consistent with biosphere theory. In particular, conversion is lowest in the protection core, and increasing in the protective buffers. Evidently, multiple jurisdictions can unite to reduce the pace of regional ecosystem degradation. We conclude the paper with speculations about the prospects for implementing biosphere planning more broadly, given the apparent success of the PCMP. Key Words: land use and land-cover change, ecosystem management, biosphere reserve, geographic information systems.
T
he Man and the Biosphere (MAB) program was founded by the United Nations to promote nondestructive relations between social and ecological systems, and to this end, it has fostered the biosphere reserve concept for global application (Batisse 1993) . 1 The biosphere reserve is a spatial approach to environmental management in which valuable ecological resources, constituting a preservation core, are protected by buffers of surrounding land organized in a gradient of increasing intensity of human use. The salient feature of the biosphere reserve from a property-rights perspective is that land owners, if not property rights, remain unchanged upon transition to the reserve. Private owners keep possession of their holdings, and there is no resort to eminent domain or to government resources for land acquisition. Certain European landscapes have long contained sustainable mixes of cultural heritage and natural amenities that have mitigated development pressures on regional ecological resources (e.g., Engel 1992) . The biosphere reserve may be regarded as a development and formalization of this approach.
The objective of this paper is to assess the implementation of a particular biosphere reserve and to consider its role in achieving a set of regional environmental goals. To this end, we present the results of a statistical analysis of New Jersey's Pinelands Comprehensive Management Plan (PCMP), which is charged with regulating development in the New Jersey Pinelands, large segments of which belong to the Pinelands Biosphere Reserve, designated in 1983. Recent claims that the plan has been successful are based on the frequency of building permits awarded in the protection areas of the Pinelands reserve (Yaro and Hiss 1996) . Nevertheless, this measure does not provide a good indication of ecosystem impacts given variability in the intensity and land requirements of individual developments; it is impossible, moreover, to know what might have happened in the absence of Pinelands planning (Mason 1994) . While sustained metropolitan depopulation occurred during the 1970s, this trend had moderated by the early 1980s (Frey 1987) , when the Pinelands Biosphere reserve was implemented. Indeed, throughout the 1980s, nonmetropolitan growth fell far below that of urban areas (McGranahan and Salsgiver 1994) . At the same time, nonmetropolitan areas grew faster in the South than in the North, suggesting regional redistribution of rural populations (Frey 1987) . Reduced development in the Pinelands could be an artifact of regional landscape processes completely independent of biosphere reserve implementation. This paper studies actual rates of natural areas loss to assess the success of the Pinelands plan, controlling for possibly confounding effects emanating from the regional economy.
The results suggest that the Pinelands Biosphere has worked to protect ecological resources, and that conservation of natural areas is not an artifact of confounding development processes in the regional landscape. It is important to keep in mind that these results represent only one outcome and do not necessarily carry over to other settings. Biosphere designation in and of itself does not constitute biosphere creation, nor does it guarantee the actual implementation and enforcement of an agreed-upon set of regulatory constraints on the land conversion process. The social setting is an important control on the opportunities for success in this regard, and wealthier coun tries with long-standing land management practices are at an institutional advantage. Nevertheless, the results indicate that under the right conditions, people can intervene and modulate processes of regional environmental change in the human-dominated systems found close to major population concentrations.
In the next section of this paper, we consider the biosphere reserve concept and its adaptation by the PCMP, which has taken a biosphere approach in managing what is popularly referred to as the New Jersey Pine Barrens and surrounding areas. After this, we describe the modalities of human impacts on natural systems, consider the environmental impact of conversions of natural areas to human use, and develop a model of natural areas conversion germane to advanced capitalist economies. We then summarize the research methodology, which involved the creation of a geographic information system, and present the statistical results assessing the efforts of the PCMP to stem development in the region. Finally we examine the results and consider their wider applicability.
Biosphere Reserve Planning and the New Jersey Pinelands
The biosphere approach to conserving ecological resources resists the spurious dichotomy between human and natural realms, and does so with an explicitly spatial structure. In particular, an inner preservation core is protected by enveloping buffer and transition zones, where social activities are organized to promote resource conservation, carry out practical research on sustainable development, and maintain logistical support for international monitoring of biosphere reserves (Batisse 1986; Ishwaran 1992) . The ecological premise is drawn from island biogeography, which hypothesizes that a functional relationship exists between biodiversity and habitat area (MacArthur and Wilson 1967) . In this regard, the intention of a biosphere reserve is similar to national parks and federally designated wilderness areas in the U.S., both of which attempt to protect large tracts of land in the interest of biodiversity maintenance and other important environmental values. The biosphere reserve differs in that human settlement is an accepted feature of the landscape, even within the preservation core, and no attempt is made to recover the original ecosystem in its entirety. In addition, biosphere formation, unlike the top-down imposition of federally preserved land, is envisioned as the outcome of a participatory process. Ideally, all affected parties engage in the various planning and implementation stages in order to develop community support for reserve areas (Cohn 1988; Hough 1988; West and Brechin 1991; Brandon and Wells 1992; Gadgil 1992; Lober 1992; Schonewald-Cox et al. 1992; Wells and Brandon 1992) .
The biosphere reserve concept also differs from microscale conservation efforts associated with zoning and municipal parks. Although the actual tools of reserve formation are the same, such as specification of permissible land uses and intensities, the procedural process is more complex and encompassing. In essence, multiple jurisdictions must come together and achieve, through consensus, an enforceable agreement to mitigate developmental impacts on regional ecosystems crossing jurisdictional boundaries.
The biosphere concept emerged under the auspices of the U.N. Educational, Scientific, and Cultural Organization (UNESCO) and the U.N. Man and the Biosphere Programme (MAB). Formed in the aftermath of an intergovernmental conference in 1968, UNMAB was an interdisciplinary and problem-oriented effort to foster rational use and conservation of resources of designated biosphere reserve sites. As of 1997, there were 337 UNMAB biosphere reserves in eighty-five countries, covering more than 400 million acres (Batisse 1997) . The New Jersey biosphere reserve (see Figure 1 ) was created by the PCMP, initiated in 1981 as one of the first formal attempts at large-scale regional ecosystem management in the U.S. (see Lilieholm and Romm 1992; Mason 1992 , for a full review of this history).
A biosphere reserve is an organization of space meant to achieve an environmental goal or goals, but it is also a bureaucratic designation given by UNESCO. In this regard, it is important to recognize that designation is not sufficient to effect implementation. Everglades National Park, for example, has been designated a biosphere reserve by UNESCO for its unique ecological resources of international significance, but it continues to show all the problems of aspatial planning. The New Jersey Pinelands implemented a spatial organization consistent with the biosphere concept; for this reason, we refer to the region of the PCMP's jurisdiction as a biosphere reserve. UNESCO also designated the region a biosphere reserve in 1983, including it as an administrative entity within its global network of biosphere reserves.
Southern New Jersey, the region encompassing the Pinelands ecosystem, consists of nine counties (Atlantic, Burlington, Camden, Cape May, Cumberland, Gloucester, Monmouth, Ocean, and Salem) with a total population of about 2.6 million, the bulk of whom live on coastal and riverine strips in the region's periphery. Development concentrations also occur along major highways linking cities of the eastern seaboard. In the north are found small, old industrial and resort towns and rapidly expanding suburban communities. The eastern Atlantic Coast comprises smaller resorts, declining fishing communities, and the growing tourist center of Atlantic City.
Encircled by old metropolitan areas, the Pinelands region has a complex environmental history that has long been affected by human settlement. It was exploited early as a source of raw materials for ship-building and iron-smelting using colonial technology (Sinton 1979; Berger and Sinton 1985; Moonsammy et al. 1987) . Subsequent urbanization and technological change reduced resource demands, and successional processes regenerated an old-growth system of fire-climax vegetation (Berger and Sinton 1985; Forman 1979 ) that came under severe conversion pressures for residential development in the 1950s, given extensive suburbanization in the region. Between 1975 and 1986 , the study area in Southern New Jersey lost 317 km 2 of so-called natural areas to urban and agricultural uses, representing an annual conversion rate of about 0.6 percent, comparable to the global rate of tropical deforestation between 1980 (FAO 1992 . Underlying the Pinelands are two large connected aquifer systems, the Cohansey and Kirkwood aquifers, that together have an estimated storage capacity of 17 trillion gallons. Land development in and around the Pinelands during the 1960s and 1970s placed increasing stress on these systems.
Concern for the cultural and natural integrity of the interior of the region, as well as growing recognition of the importance of the aquifer and its vulnerability to infiltration, sparked strong conservation interest that paved the way for the PCMP. The plan was designed to protect the existing ecosystem mosaic of forest, swamp, and marsh in seven of the southern counties (Atlantic, Burlington, Camden, Cape May, Cumberland, Gloucester, and Ocean). The management plan identifies a core area for biodiversity protection and resource preservation, including a patchwork of publicly and privately held land. Outside the core are found PCMP-designated land-use zones with varying intensities of allowable development; growth is concentrated beyond the western and southern edges of the core preservation area. For the present analysis, we have aggregated the land-use designations of the PCMP into three partitions consistent with biosphere theory: a preservation core, a buffer zone, and a development transition. These components were defined on the basis of the Pinelands Commission's eight zoning classes designated for preservation, forest, agricultural production, special agricultural production, rural development, regional growth, Pinelands towns, and military and federal installations (Pinelands Commission 1985) . The preservation core was taken to comprise tracts in the preservation and special agricultural areas, while the buffer zone included forest and agricultural production areas, and military and federal installations. 2 Rural development areas, regional growth areas, and Pinelands towns composed the development transition. These three regions so defined describe a core mostly enveloped by land uses of increasing intensity, a spatial configuration approaching that of the biosphere reserve concept (see Figure 2) .
The Pinelands Commission, an intergovernmental authority created with initiation of the PCMP, is the principal player in the implementation. The Commission is a fifteen-member panel consisting of seven New Jersey gubernatorial appointees, another seven members from each of the seven Pineland counties, and an individual appointed by the U.S. Secretary of the Interior. The PCMP and the actions of the Pinelands Commission have at times generated controversy. The merits and specifics of the PCMP have been hotly debated by local residents, environmentalists, developers, and local and regional politicians. Some residents continue to be concerned about a perceived loss of private property rights and local control over political decisions and the development process (Mason 1992) . Nevertheless, the Pinelands Commission views the small communities, scattered residences, and traditional industries of the region as key ingredients to the overall plan. Analysis of sales of residential and vacant properties in the wake of plan implementation show that there have been no substantial losses and, in fact, many land owners have experienced considerable property-value appreciation, particularly in the preservation core (Beaton 1991) . 3 The zoning arrangement, moreover, includes a system of credits for the transfer of development rights meant to preserve the wealth position of property owners in the core (Mason 1992) . Such individuals, who experience the management plan's greatest restrictions, receive development credits that can be sold to anyone wishing to build in reserve areas outside the core. Under the Pinelands Development Credit Program, a landowner in the core possesses a marketable right to develop in other parts of the reserve, which spatially directs growth in a manner consistent with environmental goals.
Processes of Land-Cover Change and Their Measurement Environmental Impact and Land-Cover Change
A recent environmental-impact paradigm developed under the auspices of the USMAB program specifies theoretical linkages between social and natural systems through land use, direct utilization, resource competition, and pollution (Long and Harwell 1993) . These impacts are defined with specific reference to biosphere reserves, but are more generally applicable to natural areas close to human settlement and use. Land use under the MAB framework involves the total The New Jersey Pinelands Biosphere Reservereplacement of natural habitat for human activity. Alternatively, direct utilization comprises uses that do not lead to land-cover change from natural vegetation (e.g., recreational use). Resource competition occurs when humans exploit resources or components of the natural systems essential to natural-system function and process (e.g., water), while pollution is the transmission of harmful residuals of human activities, both consumptive and productive, into the natural area.
The ecological integrity of a natural area is promoted to the extent that these four interactions do not induce destructive environmental impacts. Conversely, the intensification and combination of these interactions largely drive environmental changes leading to degradation. Biosphere planning and the PCMP focus mainly on the land-use element of the MAB typology, and in particular on reduction in the rates of development of natural areas. Indeed, such conversions affect the availability of natural inputs to ecosystems (energy, water, and nutrients), may facilitate exotic-species invasion, and may accelerate natural processes of ecosystem change (Ojima et al. 1994) . Urban expansions into natural areas profoundly alter flows of water, energy, and materials, and lead to substantial indirect environmental effects beyond the urban boundary (Douglas 1994) . Agricultural and urban encroachments, whether leading to outright conversion or modification of land-cover, involve land use, direct utilization of resources, resource competition, and pollution, impacts identified by the USMAB program as ecological threats. Conversely, ecosystems are protected to the extent such conversions are mitigated.
It is important to be aware of limitations to the use of crude measures of natural-areas loss as indicators of environmental change, and, by implication, impacts on ecological sustainability at the local scale. 4 The environmental impact of natural-areas loss depends on conversion patterns (Skole and Tucker 1993) and on the heterogeneity (vegetative patchiness) of the affected ecosystem (DeAngelis and White 1994), as well as on areal extent. Consequently, land-cover change does not engender a commensurate loss of natural-system sustainability, and ecological function may not diminish in exact proportion to the degree of land-cover alteration. Moreover, habitat quality in addition to quantity is important to biodiversity maintenance (Honnold 1997) . 5 Another factor that complicates conceptual linkage between land-cover change and environmental impact is the spatial and temporal separation between human activities and ecological changes (Turner and Meyer 1994; Ligon and Stacey 1996) . Loss of natural areas obviously involves the immediate ecological destruction occurring on site, but the functional coupling of ecosystem components also allows for transboundary impacts. This situation is pronounced for wetland systems affected by upstream activities. Water-borne plant nutrients can substantially alter plant communities adapted to oligotrophic conditions (Davis and Ogden 1994) . In such a situation, off-site impacts not directly associated with conversion of natural areas lead to downstream land-cover conversions and modifications given transport of environmental stressors.
Finally, it must also be remembered that little so-called natural land-cover today is actually natural, in the strong ecological sense of an area that has not experienced some form of human impact or modification. Clearly the original, natural-area ecosystems of many sites, both temperate and tropical, have long been altered, as Sauer (1971) pointed out some time ago (see also Cronon 1983; Saldarriaga and West 1986; Brown and Lugo 1990; Uhl et al. 1990; Balee 1992; Hunter 1996) . European settlement history in the New Jersey Pinelands stretches back more than three hundred years and comprises successive periods of land conversion, abandonment, and succession (Sinton 1979; Berger and Sinton 1985; Moonsammy et al. 1987) .
Despite these limitations and qualifications, regulatory focus on natural land-cover is important given the centrality of vegetation to ecosystem characteristics such as microclimate conditions, faunal diversity, and productivity. Landscape in and of itself constitutes a source of visual capital, relevant to the concept of sustainable development (Wilbanks 1994) , while greater spatial extent of natural areas mitigates speciesextinction processes (DeAngelis and White 1994). In addition, the readily available data lend themselves to discrete representations of landcover conversions (Skole 1994) , and not to quality changes within classes. Our analysis assesses the Pinelands plan implementation on the basis of conversions from natural land-cover to urban or agricultural use 6 ; as such, we implement a narrow concept of land-cover change reflecting only observable conversions, as is prescribed by the available data (Turner et al. 1995) .
Modeling Land-Cover Change
Human encroachments of natural areas express mainly the demand for residential space and land for agricultural production (see Thomas 1956; Leighly 1967; and Williams 1989 for traditional geographical treatments of this topic). Land demands have been placed in a spatial context by bid-rent models originating with von Thünen, which provide a conceptual framework for econometric treatments of land use and landcover change (e.g., Chomitz and Gray 1996) . The bid-rent formulation in both agricultural and urban modes hypothesizes a boundary to human land use called the urban or agricultural fringe distance, for the urban and agricultural application respectively. This distance, in turn, can be parameterized for important system variables, such as transportation costs or population, to produce formal models of fringe encroachment (see Wheaton 1974; Fujita 1989; Nerlove and Sadka 1991) . If so-called nature lies beyond the fringe, then theoretical results linking fringe to system attributes represent models of naturalareas encroachment (Walker and Homma 1996; Walker et al. 1997) .
Unfortunately, bid-rent formulations possess theoretical limitations to their direct applicability in the present context. In particular, they are long-run equilibrium models with strong assumptions on the homogeneity of the landscape, both in its natural and institutional features (Bockstael 1996) . Moreover, they typically fix a single point, or market node, as the structural center of the human-system form. 7 The equilibrium notion is problematic, since development of natural lands represents a process of adjustment to an equilibrium, which itself is likely to be changing. The equilibrium outcome implicitly assumes that all in-filling of natural areas has taken place within the system boundary, and that the conversion of nature occurs as a radial advance of fringe distance. In addition, uniqueness of the market node and homogeneity of natural and institutional attributes guarantee that the fringe distance and its parameterization are unique, a convenient theoretical outcome that is nonetheless empirically unlikely. Finally, the urban and agricultural formulations have generally been posited independently of one another, an artificial separation given the functional linkages between agriculture and urban markets.
In fact, the development of natural areas may be conceptualized as a dynamic process in which both agricultural (Isard 1956 ) and urban areas (Alonso 1964 ) compete for space. When agricultural hinterlands and urban markets are closely linked, bid-rents for urban land uses exceed those of agriculture near urban cores, but fall below agricultural rents at a sufficient distance from cities. In such a situation, agricultural land use constitutes the advancing edge of encroachment.
As agricultural markets regionalize and transportation systems decouple a city's dependence on food from local hinterlands, urban and agricultural intrusions into natural areas occur simultaneously (Walker et al. 1997) .
Direct urban intrusions into natural areas without an intervening period of agricultural use are considerable in the study area. The conversion of natural areas to agriculture from 1975 to 1986 was 86 km 2 , but urban uses (residential, commercial, and industrial) gained 231 km 2 of previously natural land. In highly industrialized countries, agricultural areas beyond the urban fringe often maintain linkages with nearby cities unrelated to market-based attachments (Pond and Yeates 1993, 1994) ; such linkages can alter the functional character of the land itself. Urban workers may enjoy the simple pleasures of a rural environment and hobby farming, in which case agricultural production is incidental to residential use. In such a situation, land is primarily a source of utility to the owner, and not a resource of production for the market, in which case the farm becomes a residential site chosen on the basis of utility maximization and the dictates of the Alonso model (Alonso 1964) .
Although it is often claimed that many of the forces driving land-cover change emerge from a spatial hierarchy (Blaikie and Brookfield 1987; Rayner et al. 1994; Skole et al. 1994) , little is known about the hierarchical linkages among processes at different scales (Sanderson 1994; Wilbanks 1994 ). The bid-rent formulation implicitly allows for certain elements of hierarchical interaction, particularly with respect to migration. In an open model, urban population is an endogenous variable that brings welfare levels within city limits into equilibrium with extraregional well-being (Fujita 1989) . Presumably, migration is the social phenomenon that drives the process of equilibration. In addition, the market center of the von Thünen model may serve as a transshipment point for agricultural commodities to national and international markets, where global prices are set for local production.
Given the landscape dimensions of ecosystem structure and function, land conversion often becomes a serious environmental issue at the regional scale, involving regional ecosystems whose boundaries cross multiple political jurisdictions, each reflecting a market or city center, in the terminology of bid-rent models. This complicates empirical specification of the fringe distance, since multiple fringes exist and presumably overlap.
Variations in the demand and supply of land and the accessibility of development sites within jurisdictions can be taken to represent the first tier of hierarchical factors affecting regional-scale landscape conversion.
Across jurisdictions, sets of jurisdictions, or regions, additional forces come into play. In particular, variation in the implementation of conversion constraints, as through municipal zoning regulations and county or state policy, can mitigate the pace and intensity of local conversions. Regarding market phenomena, globalization leading to uniform crop prices in national and international markets affects agricultural regions uniformly, should they face the same crop choices and environmental conditions. In such a situation, a price rise of a key farm product could unleash conversion impulses across various regions. Of course, globalization impacts are modulated by the spatial hierarchy, since regional and site-specific variations in climate and soil quality strongly affect crop potential, as do variations in transportation costs and comparative advantage. In our application, the agricultural region presumably embraces all of South New Jersey, so we are unable to discern such broadscale impacts. Our operational use of the term region connotes a more local aggregation, one step up from the census tract, in which uniform policy controls on land use hold sway.
For analysis purposes, we posit a model combining elements of the bid-rent concept with the notion of spatial hierarchy. Our goal is to isolate the effect of the PCMP in the presence of other factors affecting the demand for new land at the local level, and its conversion (Y c ) to any kind of human use (agricultural, residential, commercial, or industrial) . We define the plan's impact zones, or the spatial configuration of the biosphere reserve, with dummy variables (X r ) that reflect a set of environmental regions, representing mutually exclusive partitions of southern New Jersey that vary by intensity of the management plan-application. For local-level conversion processes, we attempt a parsimonious construction involving measures of site accessibility and supply-and-demand characteristics of land markets (X m ), meant to explain the economic behavior of developers of both residential and agricultural locations. Site accessibility is modeled by locational variables (latitude and longitude) indicating a site's potential for generating rent; as such, it is an inducement to developers intent on profit maximization.
As Fujita (1989:55, 94) notes, vacant land does not exist under equilibrium in areas capable of generating positive rents (and pure profits) when development costs are zero. Equilibrium conditions represent a theoretical construct, however, and the conversion of vacant land is precisely the phenomenon of interest in land-cover change assessment. We assume that for undeveloped parcels, location establishes a potential rent, and the more desirable the parcel for development from a profit-maximization perspective, the greater the potential rent. Latitude and longitude control for this potential, and statistical estimation implicitly reveals a von Thünen-Alonso rent "surface" in the process of adjustment to equilibrium.
Land supply is represented by the percentage of land under preexisting human use; land demand is represented both by population growth (in total people and households) between 1980 and 1990 and by population density existing in 1980. The so-called population variable and its "pressure on resources" (Blaikie and Brookfield 1987) are key to discussions of environmental degradation and landscape change, particularly in studies of deforestation (Allen and Barnes 1985; Rudel 1989; Harrison 1991; Lambin 1994) . The land-demanding significance of population is also indicated by land-use theories based on notions of bid-rent (Wheaton 1974; Nerlove and Sadka 1991) . In an advanced capitalist economy with regional integration, however, the role of population in local land conversions is complex. Commercial farmers bring new land into production not in response to local population growth but to capture market opportunities beyond the production site. For their part, capitalist developers are likely to encroach on natural areas on the basis of expected population growth, which qualifies the apparently obvious impact of growth on natural lands. Indeed, land developments themselves may be inducements to population growth, in which case population growth (Y p ) is endogenous to the conversion process. Hence, a structural model may be set out as
where X p represents a set of exogenous factors affecting growth of population, in addition to the availability of new land resulting from natural area conversion, Y c .
Our modeling framework is in the tradition of statistical work based on geographic areas, originating with Allen and Barnes (1985) , and not on individual parcels (see Bockstael 1996) . Given the aggregated nature of the data observation implemented in the following analysis, we do not observe an important element of the land market, namely parcel price. Nevertheless, the structure of the model captures supply and demand interactions. Furthermore, land price is controlled for by the locational variables, latitude and longitude, since it is the capitalized rent flow over an infinite time horizon, based on prevailing interest rates.
Methodology and Results
The statistical assessment was based on information derived from an integration of a geographic information system and census-based, corelational data. Remotely sensed images in digital form were used to determine the natural-area conversion magnitudes; corelational social data were extracted from Summary Tape File 3 of the U.S. Census Bureau. For the base period 1975, land-cover information came from the Land Use/Land Cover program of the U.S. Geological Survey (USGS) (National Mapping Program 1990; Anderson et al. 1976 ). These are the socalled LUDA data. The later period data (1986), based on aerial photography, were obtained from the New Jersey Department of Environmental Protection (NJDEP) (1996) . The NJDEP elected to adopt a classification system similar to that of the USGS data, which facilitated the subsequent data transformations. We received both data sets in vector format.
The conversion episode considered is the twelve-year period 1975-1986. Data from both time points were highly disaggregated in their original form, so we aggregated them to six categories of cover. This presents opportunities for thirty types of land-cover changes over the period, including ecological restoration by abandonment of human uses. 8 To produce data for analysis allowing for site-specific effects, we used the overlay functions of ARC-INFO software to produce a conversion coverage. Then, in order to determine the extent of land-cover change occurring within each census tract, we overlaid 1980 census boundaries extracted from Tiger line files on the conversion coverage. Conversion was defined as any transition from a natural landcover to one involving human use (e.g., agriculture, residential, urban). The New Jersey analysis coverage, with two vegetation maps and tract boundaries, produced 90,957 polygons and required seventy-two hours of wall clock time on a Risc 6000 model 550 workstation.
The land-cover change variable used in the analysis was the conversion magnitude taken as a proportionate change occurring within census tracts. For the population growth measures, both counts of individuals and households, we used data from the 1980 and 1990 census. Unfortunately, tract boundaries changed appreciably in New Jersey over this period, which greatly complicated data generation for statistical treatment. Discrepancies in tracts between 1980 and 1990 included tract partition, redrawn boundaries, tract renumbering, and inconsistent treatment of water areas. We were able to correct for tract renumbering and also for tract partitioning by aggregating over 1990 fragments to reconstitute the original 1980 boundaries. To match the 1990 data to the recomposed 1980 census tracts, we summed over the 1990 fragments. Tracts heavily urbanized at the outset were deleted, as were tracts with inconsistent sums across the vegetation classes in 1975 and 1986. Upon completion of these various data preparation efforts, 230 observations remained for statistical analysis. Table 1 gives averages and sums of the analysis variables for census tracts in the control region (southern New Jersey tracts outside the Pinelands reserve) and in the spatial components of the biosphere reserve, including the development transition, the buffer zone, and the preservation core. The aggregate data suggest a strong conservation effect for the Pinelands Plan, both in the core and other reserve areas. The average rate of natural-areas conversion is less in the preservation core than anywhere else, which is notable given that core growth rates are actually greater than those in the control areas and the buffer. Moreover, land supply (indicated by amount of land already developed in the initial period) is considerably greater in the core than anywhere else.
The suggestion of a conservation effect is supported by the results from regression analysis. Estimated coefficients are given in Table 2 for four different approaches to regression, namely ordinary least squares (OLS), generalized least squares (GLS), three-stage least squares (3SLS), and maximum likelihood (Spatial Error). The regression strategy began by estimating a single equation using ordinary least squares, assuming no serious pathology in the data or specification. Greater complexity in model form was then introduced in order to address possible regression pathologies such as heteroskedasticity, simultaneity bias, and spatial autocorrelation. Although we deduce a two-equation, structural model in theoretical terms, our goal was not to provide a definitive explanation of land-cover change processes in New Jersey. Rather, we wanted to assess the strength of the biosphere effect on land-cover change, and to do so with a battery of regression approaches in a search for consistent results. We also wanted to ensure control of human population effects, so we performed two estimations in every case using different definitions of the population variable. The technical appendix contains specifics about the regression endeavor.
The entries in Table 2 reveal a consistent effect across the various specifications. These results are for the biosphere dummy variables (X r ). They show reductions in the magnitude of natural-areas conversion associated with the various components of the biosphere reserve, as compared with the overall mean rate in the control tracts outside the jurisdiction of the management plan. The negative values of the variables in every case indicate that all three components of the reserve manifest conversion rates less than would be expected given population growth, availability of land, and location. The results for the core and the buffer are statistically significant and quite similar across the various specifications. The estimation for the simultaneous system (3SLS) achieves the highest values of R 2 , in excess of sixty percent.
The numerical magnitude of the management effect can be gauged by estimating rates of conversion for individual tracts in the absence of the plan, based on dummy variable values, and calculating how much conversion would have then occurred. 9 This calculation shows that the preservation core would have lost 30,893 acres rather than the observed amount, 9,886 acres, and the buffer 18,166 acres instead of 9,308. These magnitudes are considerable given the areas involved in the sample, 243,880 acres for the core and 162,341 acres for the buffer.
The findings in Table 2 are consistent with the spatial structure articulated by biosphere theory. As can be observed in the table, the absolute value of the magnitude of conversion reduction is always greater in the preservation core than in the buffer, where it is always greater than in the transition zone, independently of the regression technique used. Moreover, this ordering is statistically significant, as indicated by Table 3 . Here, results of coefficient restriction tests are presented, testing the equality of the coefficients of the dummy variables (Kelejian and Oates 1989:200) . For example, the test in the third panel considers equality of the coefficient for the preservation core dummy variable (ß p ) and the buffer dummy variable (ß b ). Equality is taken as a null hypothesis, in which case the significance of the F statistic in the middle column indicates that one can reject the presumption that conversion rates are the same in these two environmental regions. The results show that the reserve as a [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] divided by starting period magnitudes (1980); change measures for agriculture and urban disaggregate the conversion sum (in acres). The percent conversion measures are a census tract average and a global magnitude calculated from gross areas in each spatial category.
whole experienced less conversion than outlying areas. In addition, core conversion was less than that occurring in the buffer, where conversion was still less than in the zones of development transition.
Results for all the local-level control variables are given in Table 2 . Available land appears to be most important in explaining conversion dynamics, beyond the highly significant impact of the management plan. In addition, the latitude variable suggests higher rents toward the north, with a concomitant increase in the rate of development, everything else held constant. Neither growth variable performs well, and a perverse relationship is suggested in the endogenous model. Given that expected growth is the indicated variable in the theoretical statement of the structural model, an experimental estimation was performed using urban counties for the period 1970 to 1980, assuming that developers would form expectations of growth based on prior rates. Indeed, the coefficient for early growth in population is strongly positive in explaining naturalareas conversion between 1975 and 1986. Unfortunately, census geography prevents us from performing our analysis using data from this period, given incomplete tracking of rural counties. The counties of Ocean, Cape May, and Cumberland, all containing land within the Pinelands management zone, did not report tractlevel data until 1980. Ocean County, in particular, contains preservation and special agricultural areas, basic to our definition of the preservation core.
Discussion
The results indicate that the spatial pattern of land-cover conversion observed across the various environmental regions in southern New Jersey is consistent with the biosphere reserve model and with the apparent intentions of the Pinelands Commission. The area with least conversion is the preservation core (in relative terms), and the other two Pinelands regions show decidedly less conversion than the outlying census tracts, absolutely and ceteris paribus. The regression results probably understate the effectiveness of the plan, since it did not go into effect until 1981. The regression findings of necessity (due to data limitations) cover a longer period, starting in 1975.
The statistical findings are consistent with the success claims regarding PCMP implementation based on development permits. It is important, however, to specify exactly what success means in this context. The results have demonstrated that the PCMP has successfully controlled development impulses in a manner consistent with the spatial configuration of a biosphere reserve. To say the Pinelands biosphere reserve has been successful in achieving environmental goals and ecological sustainability is another matter. Such a claim might be based on the inference (and possibly strong assumption) that environmental goals are met to the extent that the landscape articulates a biosphere reserve configuration. The conservation of so-called natural areas is not sufficient, in and of itself, to preserve biodiversity, an important goal often cited in this context. Quality degradation in the absence of outright conversion to a human landscape may reduce animal populations and species, independently of any effects on the vegetative cover. It should also be noted that the link between species abundance and conservation of natural areas is by no means straightforward. Disturbance can elevate diversity measures due to the opportunistic immigration of exotic species. Nevertheless, the Pinelands plan appears to be protecting an ecosystem of high aesthetic and cultural value to residents and visitors alike. In addition, the maintenance of hydrologic function is of great regional importance, given the reliance of residents on groundwater. Pinelands forest cover safeguards aquifer recharge and ensures that surface water released to streams is clean.
The findings suggest that complex social groupings can coordinate efforts to orient regional landscape evolution in a direction that enhances ecological sustainability through natural areas conservation, despite associated costs of implementation (Solecki 1994) . A key question regards the extent to which this outcome is reproducible. The general set of environmental services provided by land-extensive, ecological resources may be interpreted as a form of public good, or commons, subject to the externality impacts of municipal development and the actions of a multitude of independent landowners. In this regard, the "tragedy" predicted by Hardin (1968) is of some relevance, although we note the imprecision of Hardin's language (Beaumont and Walker 1996) . The tragedy seems only inevitable in the case of open access, with the complete absence of community constraints. In any event, the tragedy results (and can do so on common or on public lands) when individual users, or communities, neglect the externalities associated with overuse of a nonprivate resource, which diminishes the supply for others. Hardin (1968) interpreted the cleansing and recycling properties of the natural environment as such a resource, and excess pollution as an externality compromising the ability of nature to maintain itself and, by implication, resident human systems. Reduction of environmental amenity due to development is an analogous situation, in which case, land use and conversion of natural areas may be placed in the resource exploitation framework.
In essence, imposition of a biosphere reserve involves creating a consensus to internalize such development externalities in order that everyone may experience the positive effects of ecological health and amenity. Although destruction of ecological resources may appear to manifest an inexorable "tragedy of the commons," policy makers should not presume that degradation outcomes are inevitable (Ostrom et al. 1994) , as the Pinelands case seems to substantiate. We hypothesize that conditions for reproducibility of the Pinelands experience reside in the balance of regional political power between those interested in ecological amenity and those deriving economic benefit from activities that undermine the environmental resource base. In the Pinelands, real estate developers initially opposed the plan. This group, however, comprised mainly small housebuilders (Mason 1992) , presumably decentralized as a political force. On the other hand, environmentalists and home owners stood to benefit from appreciating property values, stemming from the internalization of development externalities. 10 Of course, the relatively high percapita incomes found in so-called developed countries enable the appreciation of environmental amenity, key to the feasibility of implementation.
Conclusion
This study implemented a methodology that could be used in a variety of settings. It is important to realize, however, that such statistical and GIS-based analysis quickly runs up against technical constraints. Creating the land-cover change polygons for the adopted aggregation scheme required an extended period of uninterrupted computer use at the limits of institutional capability. To advance our approach using more highly disaggregated data, it might be necessary to move into a supercomputer environment. This would also facilitate the efficient creation of change coverages for more than two time periods, opening the door to long-run analysis and historical assessment of the change factors themselves.
We have shown that the PCMP has modulated regional land-cover change impulses in a manner consistent with a biosphere reserve. This finding raises at least two issues for future research. In the first instance, we present no evidence on the alleged link between the biosphere reserve configuration and the achievement of environmental goals. Arguments made in this regard typically take the form of assumptions based on island biogeography and the dictates of common sense.
Yet an important policy question regards the relative efficiency of different approaches to land management in conserving and preserving the ecological resource base. A second issue raised by our findings concerns the reproducibility of the Pinelands outcome in other settings. This, of course, is the key policy question. Implementation of the biosphere reserve in New Jersey and adherence to its rules suggests the importance of political power and institutions as regulators of land-use and land-cover change. Consequently, a compelling area for future research resides in ascertaining the role such factors play in shaping the regional landscape. On these grounds might be built a theory of land-cover change and allocation beyond the extensive urban margin, in the jurisdictional commons occupied by many of our most valuable ecological resources.
Technical Appendix
Visual inspection of scatter plots showed possible heteroskedasticity. Diagnostics assessed in SpaceStat indicated model error variance to be highly heteroskedastistic in preexisting development (the land-supply variable), which we addressed using Generalized Least Squares (Haining 1990:49) . The variance-covariance matrix for error was modified by a weight defined as the reciprocal of preexisting development (indicated in the scatter plots). Reported significance levels (in SAS) do not reveal the extent of improvement in estimation efficiency. For example, reported t-statistics for conservation and buffer zones are -6.85 and -5.03, respectively, under Ordinary Least Squares (OLS) using the household growth model; weighted GLS t-statistics are -8.90 and -6.55. Quadratic terms for the locational variables, latitude and longitude, were considered, but high multicollinearity led to matrix singularities in SAS, due presumably to rounding errors. The same equation with quadratic terms was estimated successfully in SpaceStat using OLS, but results were close to those omitting the quadratic terms. R 2 was elevated marginally to about .56 in both growth models. Correlation coefficients for latitude and its square and longitude and its square are .998 and 1.000, respectively. Three-stage least squares was used for the fully endogenous model, due to efficiency of the estimators (Theil 1971:511, Theorem 10.7) . The growth variables were taken as functions of natural-areas encroachment, conversion of agricultural areas to urban use, and job creation. The possible presence of spatial autocorrelation (Bockstael 1996) was assessed by examining appropriate diagnostics on OLS regression errors in SpaceStat, using models without the locational variables, latitude and location. A number of spatial-weights matrices, defined on distances between census-tract centroids, were considered. Contiguity defined on neighbors within 30,000 meters yielded the strongest results. Lagrange multiplier statistics indicated the possible presence of nuisance as opposed to substantive spatial autocorrelation, so a spatial error model was fit using the 30,000-meter contiguity matrix with normalized rows (Anselin and Rey 1991) . In abbreviated form, the model is Y = Xβ + ε, where ε = λε + σ.
In this form, the error vector, ∈, is spatially autocorrelated by virtue of dependency via the parameter, λ, and the random disturbance, σ, is assumed to possess a scalar variance-covariance matrix (see Anselin 1988) . It should be noted that nonnormality of the OLS error terms may undermine applicability of Lagrange multiplier tests in this context. Use of a log transformation on the dependent variable did not correct the problem. The likelihood function used to develop the spatialerror estimators requires a normality assumption as well. Thus the spatial-error results must be interpreted cautiously, although they appear quite comparable to those of the other specifications, as can be seen by reference to Table 2 . participation was transferred to the U.S. Department of State by President Ronald Reagan. Consequently, the USMAB program and the one associated with UNESCO are distinct. 2. The forest area zone in the Pinelands plan represents a set of lands that "display many qualities similar to the preservation area," but with opportunities for "low-density residential and commercial development, agriculture, forestry, recreation, and resource extraction (Pinelands Commission 1985) . 3. Sales prices for residential properties in the core grew more quickly between 1966 and 1986 than in similar areas outside the management areas. Sales prices of vacant parcels did not, although appreciation was still considerable (Beaton 1991) . 4. It is difficult to avoid reference to the concept of sustainability in the Biosphere reserve context, since it appears frequently in the implementation and administrative language of UNESCO and the U.S. Department of State. The usage is typically directed at ecosystem maintenance, and in particular at the long-run preservation of ecological values, although the human dimensions are also considered. The concept of sustainability has antecedents in the fields of forestry and fisheries management (Gale 1985) . In its current usage, it is linked to broader social contexts (Clark and Munn 1986; Turner 1988; Archibugi and Nijkamp 1989; de la Court 1990; Costanza 1991 ). 5. Nor should it be forgotten that loss of areas of high endemism could have more dramatic impacts on global biodiversity than comparable losses of lands with high species richness (Kerr 1996) . 6. We adopt the Alonso model (Fujita 1989) terminology of two basic types of land use, urban and agricultural. Urban use includes residential, commercial, and industrial. 7. Urban theorists understand that the monocentric city is a theoretical construct, and that firms may prefer distributing across multicentric locations (see Fujita and Krugman 1995) . 8. The number thirty represents the number of permutations of land-cover series for two periods, without "replacement," or the product of six and five. Ecological "restoration" is the change from developed to natural area due, presumably, to land abandonment. Although infrequent, this change category is observed in the sample. Data errors arising from classifications cannot be ruled out as a factor in such cases.
9. This is done by calculating the expected value of the conversion proportion (using the output features of SAS regression), then adding the absolute magnitude of the cell entry to arrive at a conversion value for the appropriate reserve component, in the absence of the plan. These may then be used to directly calculate conversion amounts. 10. Strong federal interest may change the dynamic, of course. Ecosystem conservation is relatively easy by virtue of land transfers to protective owners, such as the state. In an era of reduced federal budgets, however, the trick is to make local residents take it upon themselves to internalize the degradation externalities, as seems to have happened in the Pinelands.
